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confers host resistance to antiseptic quaternary cation compounds (QCC). SugE studies generally focus on its
resistance to limited substrates in comparison to SMR protein EmrE. This study examines the conformational
characteristics of SugE protein in two detergents, sodium dodecyl sulphate (SDS) and dodecyl maltoside
(DDM), commonly used to study SMR proteins. The inﬂuence of cetylpyridinium (CTP) and cetrimide (CET)
using SugE aromatic residues (4W, 2Y, 1F) as intrinsic spectroscopic probes was also determined. Organically
extracted detergent solubilized Escherichia coli SugE protein was examined by SDS-Tricine PAGE and various
spectroscopic techniques. SDS-Tricine PAGE analysis of SugE in either detergent demonstrates the protein
predominates as a monomer but also dimerizes in SDS. Far-UV region circular dichroism (CD) analysis
determined that the overallα-helix content SugE in SDS and DDMwas almost identical and unaltered by QCC.
Near-UV region CD, ﬂuorescence, and second-derivative ultraviolet absorption (SDUV) indicated that only
DDM-SugE promoted hydrophobic environments for its Trp and Tyr residues that were perturbed by QCC
addition. This study identiﬁed that only the tertiary structure of SugE protein in DDM is altered by QCC.uilding, 2500 University Drive
lgary, Calgary, Alberta, Canada,
1.
l rights reserved.© 2011 Elsevier B.V. All rights reserved.1. Introduction
Small multidrug resistance (SMR) proteins are integral membrane
proteins located within the plasma membranes of most Bacteria and
Euryarchaea [1] that confer resistance to quaternary cation com-
pounds (QCC) via proton motive force [2]. The SMR protein family
is one of many secondary active multidrug transporters in Bacteria
that can confer resistance to QCC. They are also distinct from any other
multidrug transporter due to their short length (105–150 amino
acids; 4 α-helix transmembrane strands (TMS)) and presence within
the 3′ conserved region of Class I integrons (as reviewed by [3]). These
characteristics make SMR protein studies essential for understanding
larger multidrug transporters (N10–22 TMS), multidrug efﬂux regula-
tion, and provide insight into bacterial multidrug resistance mediated
by horizontal gene transfer.
TheSMRprotein family is composedof threemajorprotein subclasses:
small multidrug proteins (SMP), suppressor of groEL mutations (SUG),
and paired SMR proteins (PSMR) (as reviewed by [3]). Among the three
SMR subclasses, only SMP and SUG subclass members are capable of
conferring isogenic QCC resistance to its host and members from either
subclasses are frequently encoded in conserved regions of integrons
[4,5] and on multidrug resistant plasmids [6,7]. SMP subclass membersare identiﬁed more frequently with these transposable elements [3],
however, SUG subclass homologues are the most broadly identiﬁed SMR
within the genomes of diverse Archaeal and Bacterial genera [1]. Fur-
thermore, QCC resistance experiments of SugE and EmrE (the archetype
of the SMP subclass) demonstrate that SugE has a narrow QCC substrate
range compared to the broad substrate resistance conferred by EmrE [8].
The narrow QCC spectrum of SugE is limited to antiseptics, speciﬁcally
thosewith one ormore elongated acyl chain R groups that range fromC12
to C18 covalently bound to a singleN cation [8].More speciﬁcally, SugE can
confer host resistance to the antispectics, cetylpyridinium (C21H38N),
cetyldimethylethyl ammonium (C20H42N), and hexadecyltrimethyl am-
monium (C19H42N) also known as cetrimide [8]. The inability of SugE
to transport diverse substrates may be due to its potential involvement
as a chaperone like groEL[9,10], although no experimental evidence
directly supports this to date. Over-expression experiments of cloned
sugE demonstrated that it rescued groEL mutations [9] but experiments
using precisely cloned sugE failed to reproduce this ﬁnding [8].
Examination of the SugE protein to date has focused solely on its
ligand binding ability [11] and site-directed mutagenesis experiments
examining the transport ability of particular SugE amino acid variants
[12]. Cell free expression of green ﬂuorescent protein tagged SugE
protein revealed that the protein adopted high amounts of α-helix
content conﬁrmed by circular dichroism and nuclear magnetic reso-
nance (NMR) analyses and it was capable of functional reconstitution
into proteoliposomes [13]. However by comparison to EmrE protein,
SugE conformation is relatively unknown and its particular substrate
recognition limitations warrant further study.
2234 D.C. Bay, R.J. Turner / Biochimica et Biophysica Acta 1808 (2011) 2233–2244Almost all structural knowledge regarding SugE protein confor-
mation and multimerization are predicted from studies of the SMR
member EmrE. Structural characterization of EmrE protein over the
past two decades have been extensive and resulted in many two
dimensional and three dimensional (3.7–6 Å) structures of the protein
[14–17]. These X-ray diffraction and 2D cryo-electron microscopy
crystal structures of EmrE protein have revealed that the protein
adopts an asymmetrical arrangement to two protein monomers
to form a dual topology homodimer (as reviewed by [18,19]). It is
important to note that conclusions drawn from the existing EmrE
structures may be potentially misleading based on their current reso-
lution. Support for the dual topology EmrE homodimer has been
met with some controversy due to concerns focusing on its in vivo
biological topology and structural conﬂicts with biochemical studies
of the protein [20,21]. Regardless, valuable biochemical information
from the structure-function studies of EmrE has been achieved and
has beneﬁted SMR family studies as a whole. Knowledge obtained
from EmrE studies has aided the characterization of other SMP
members such as TB-Smr [22,23] and PSMR subclass members EbrA
and EbrB from Bacillus subtilis[24–26]. However, conclusions made
about other SMR subclass members based solely on the structural
arrangement from EmrE studies alone might have never revealed the
importance of loop and the C-terminus contributions to SMR function
gained from the biochemical analyses of PSMR members EbrA and
EbrB [24]. Therefore, characterization of the speciﬁc antiseptic trans-
porter SugE, may provide valuable information regarding the trans-
port and ligand binding speciﬁcity of the SMR family as well as other
multidrug transporters. Structural characterization of SugE may also
assist in identifying the evolutionary origin of the SMR family.
The focus of this work is to characterize the secondary, tertiary,
quaternary structures of SugE protein and determine its ligand inter-
action in the presence of two QCC, cetrimide (CET) and cetylpyridinium
(CTP). The intrinsic aromatic residues of SugE (4W, 2Y, 1F) were used
as internal chromophores to measure any conformational differences
within the protein solubilized in SDS or DDM detergents as well as
alterations induced by QCC ligand interactions. Fluorescence spectrom-
etry (tertiary structure), circular dichroism spectropolarimetry (second-
ary and tertiary structure), and UV absorbance spectroscopy (tertiary
structure) methods were selected to examine the conformational
arrangements of SugE protein. The multimeric forms of SugE in the
presence of either QCC were also examined by SDS-Tricine PAGE
analysis. The results of this study reveal that SugE predominates as a
monomer in either detergent examined but can adopt a less abundant
dimer form at high protein concentrations. As predicted from primary
sequence analysis, SugE demonstrated high overall α-helix content in
both detergents that was not signiﬁcantly changed in the presence of
either ligand examined. Spectroscopic analysis of DDM-SugE tertiary
structure demonstrated that its aromatic amino acid residues undergo
rearrangements as the ratio of QCC:SugE ratio exceeds 10. CET and CTP
induced different conformational changes in arrangements of Trp and
Tyr of DDM-SugE. This study demonstrates that DDM-SugE protein
tertiary structure arrangements but not its secondary structure are
inﬂuenced by ligand binding.
2. Materials and methods
2.1. Materials used in this study
All chemicals used during these experiments were purchased from
Sigma Aldrich (St Louis, MO, USA) or EMD Chemicals (Darmstadt,
Germany). Electrophoresis equipment and chemicals such as sodium
dodecyl sulphate (SDS), tricine, trizma base, acrylamide, and
bisacrylamide were obtained from BioRad (Hercules, CA, USA). The
detergent, dodecyl-β-D-maltopyranoside (DDM), used for protein solu-
bilization and spectroscopic analysis was purchased from Affymetrix-
Anatrace (Santa Clara, CA, USA). Cetylpyridinium chloride (R1N(Cl)R2R1=C5H8 R2=C16H33) abbreviated CTP in this study was purchased
fromSigma-Aldrich (St Louis,MO,USA). Cetrimide (C16H33N(Br)(CH3)3)
also known as cetyltrimethylammonium bromide is abbreviated to
CET in this study and was purchased from Sigma-Aldrich (St Louis,
MO, USA).
2.2. Expression and puriﬁcation of SMR proteins
SugE protein over-accumulation was performed using the E. coli
cell strain LE392Δunc transformed with pMS119EH plasmid encoding
an unmodiﬁed copy of the E. coli sugE gene [12]. Overnight cultures
(14–16 h) were diluted 10−2 into 6 L of terriﬁc broth and 100 μg/ml
ampicillin grown in a shaking incubator at 37 °C until an optical
density at 600 nm (OD600 nm) of ~0.5 units was reached. Cultures with
an OD600 nm of 0.5 were induced with isopropyl thio β-galactoside
(IPTG) to a ﬁnal concentration of 0.1 mM IPTG to express either
recombinant SMR gene using the Ptac promoter. Cells were grown at
37 °C for an additional 3 h after induction, harvested by centrifugation
at 4000×g, and stored frozen at −70 °C in SMR-A buffer (50 mM
MOPS, 8% glycerol, 5 mM EDTA, 1 mM dithiothreitol (DTT), pH 7). The
frozen cell slurry was thawed at 4 °C and a ﬁnal concentration of
0.1 mM phenylmethyl sulphonylﬂuoride (PMSF) was added to the
slurry to inhibit proteolysis. Each cell slurry was French pressed at
800–1000 psi using a Sim-Aminco French Press instrument and sub-
sequently centrifuged at 11000×g for 10 min at 4 °C to remove un-
broken cells. This cell free lysate was ultracentrifuged in a Beckman-
Coulter Optima™ L-90 K Ultracentrifuge at 40000 rpm for 90 min
at 4 °C in a Ti70 rotor to separate the membrane pellets from the
cytosolic fraction. Membrane pellets were re-suspended in SMR-A
buffer at a total protein concentration of 10 mg/ml accordingmodiﬁed
Lowry Assays [27] and frozen in liquid N2 for storage at −70 °C.
Frozenmembrane preparations were thawed at room temperature
(20–25 °C) and hydrophobic SugE proteins therein were organically
extracted into 3:1 chloroform:methanol according to the procedure
described by Winstone et al.[28]. Membrane extractions were con-
centrated to 4–10 ml using a Rotovap condenser system (SAVANT).
SugE protein puriﬁcation was performed by fast pressure liquid
chromatography (FPLC) on an AKTA™ Unicorn instrument using an
LH20 sephadex resin SR10/50 column in 1:1 chloroform:methanol
solvent. SugE protein eluted within the ﬁrst peak as monitored by UV
absorption at 280 nm (A280nm). SugE protein fractions were pooled
together at concentrations ranging from 0.01 mg/ml to 10 mg/ml
protein, dried under N2 gas and stored at −20 °C.
2.3. Detergent and solvent resuspension of SMR protein
Dried SugE proteins at a variety of initial starting concentrations,
ranging from 0.001 mg to 15 mg protein, were used for these ex-
periments. SugE proteins were resuspended into one of two de-
tergents, 35 mM (1.0% w/v) SDS or 3.9 mM (0.2% w/v) DDM in SMR-B
buffer (5 mM MOPS, 10 mM NaCl, 10 μM DTT, pH 7), or in the
denaturing detergent–solvent mixture 10 M urea, 175 mM (5.0% w/v)
SDS. Protein resuspension solutions were shaken for 1–2 h and then
stored frozen at −20 °C. Thawed protein samples were mixed by
vortexing for 1 min before they were sonicated to optical clarity
using three, 10 second bursts of 30% intensity using the Microson XL
Ultrasonic cell disrupter. Sonicated solutions were centrifuged at
10 000×g at room temperature for 10 min to pellet any insoluble
material. SugE protein concentrations were determined by its ab-
sorbance at A280nm using the appropriate extinction co-efﬁcient (ε) for
each protein (SugE 24980 cm−1 M−1). All ultraviolet (UV) absor-
bance (Abs) spectra were collected in 1 cm pathlength cell with an
Ocean Optics UV–visible (Vis)-Spectrophotometer.
Two QCC, cetylpyridinium chloride (CTP) and cetrimide (CET), were
selected for this study based on previous ligand binding studies [11] and
host resistance experiments involving SugE protein [8] (Supplementary
Table 1
A summary of the estimated average secondary structure content of detergent
solubilized SugE protein calculated from far-UV CD spectra in the presence of various
QCC. Far-UV CD spectrum deconvolutions were performed using CONTIN and CDSSTR
programs available from Dicroweb [31].
SMR Detergent QCC:
SMR
Dichroweb
Program
α- helix
content (%)
Turns and
disordered
content (%)
NRMSD
SugE SDS* — CONTIN 99 1 0.02–0.08
20 CTP CONTIN 99 1 0.05–0.20
200 CTP CONTIN 99 1 0.08–0.22
20 CET CONTIN 99 1 0.05–0.09
200 CET CONTIN 98 2 0.08–0.21
SDS* — CDSSTR 85 15 0.00–0.01
20 CTP CDSSTR 86 16 0.00–0.01
200 CTP CDSSTR 79 21 0.00–0.01
20 CET CDSSTR 85 15 0.00–0.01
200 CET CDSSTR 72 28 0.00–0.01
SugE DDM* — CONTIN 99 1 0.03–0.05
20 CTP CONTIN 99 1 0.04–0.06
200 CTP CONTIN 98 2 0.08–0.11
20 CET CONTIN 99 1 0.05–0.07
200 CET CONTIN 98 2 0.08–0.22
DDM* — CDSSTR 87 13 0.00–0.01
20 CTP CDSSTR 88 12 0.00–0.01
200 CTP CDSSTR 79 21 0.00–0.01
20 CET CDSSTR 86 14 0.00–0.01
200 CET CDSSTR 86 14 0.00–0.01
Maximum standard deviations calculated for all estimated α-helix content was
≤±5.0%.
*Detergent concentrations of 35 mM SDS and 3.9 mM DDMwere used for all far-UV CD
spectropolarimetry experiments.
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centration of 0.5 M and served as a stock solution for all experiments
performed. QCCs were incubated with detergent solubilized SugE
protein concentrations ranging from 0.4 μM–61.5 μM and were incu-
bated at room temperature for a minimum of 1 hour. The ﬁnal molar
ratios of QCC:SMR protein ranged from 0.001 to 1000 for all ex-
perimental analyses. Themolar ratio of 35 mMSDS to 5 μMSMR protein
is 7000:1 and for 3.9 mM DDM to 5 μM SMR protein is 780:1.
2.4. SDS-Tricine PAGE analysis of SugE proteins
SDS-Tricine polyacrylamide gel electrophoresis (PAGE) was used
to identify stable SugE multimers by molecular weight (MW) deter-
mination for this study. SDS-Tricine PAGE is modiﬁed from standard
SDS-PAGE by the addition of anode (0.2 M Tris HCl pH 8.9) and tricine
containing cathode (0.1 M Tris HCl, 0.1 M Tricine, 0.1% w/v SDS, pH
8.25) as electrophoresis buffers and an additional gel buffer (0.1 M
Tris HCl, 0.1% SDS, pH 8.45). Due to the presence of SDS within the gel,
this system mirrors a “native” environment for our conditions rather
than ‘native’-PAGE techniques.
All detergent solubilized SMR samples with and without QCC were
analyzed using 12% SDS-Tricine PAGE. Trichloroethanol (TCE) was
added to all gels during casting, at a ﬁnal concentration of 0.5% (v/v)
TCE, to visualize tryptophan residues (both SMR proteins have 4 Trp/
protein) by UV irradiation at 300 nm according to the method
described by Ladner et al. [29]. The TCE staining technique increased
EmrE and SugE protein band visibility within the gel by 62% in
comparison to conventional Coomassie staining, with no difference
in migration of the protein (as conﬁrmed by Coomassie stained gels
lacking TCE).
SugE protein band intensity and its molecular weight was con-
ﬁrmed (in kiloDaltons (kDa)) using a 1:1 mixture of BioRad low range
and BioRad polypeptide molecular weight standards. SugE protein
bands were normalized for potential differences in TCE staining in-
tensity between gels bymultiplying by the ratio of carbonic anhydrase
intensity (31.0 kDa) in the BioRad low range standard loaded at
identical amounts on every gel by its average intensity value deter-
mined from all gels used in the analysis. Once protein band intensities
were normalized, the overall intensity of each protein band was
reported as the percentage of the total amount of protein loaded (in μg
protein). Experiments were repeated a minimum of three times and
average SMR protein band percentage values are reported in Table 1.
All protein band intensity measurements were collected from TCE
stained SDS-Tricine (12%) PAGE gels using the Kodak 1D™ software
package.
2.5. Circular dichroism spectropolarimetry of EmrE and SugE protein
Far-UV region (185–260 nm) CD spectra were acquired on a JASCO
J-810 spectropolarimeter purged with N2 at 60–70 L/min. Far-UV CD
spectra of detergent solubilized 5 μΜ SMR protein samples used for
SDS-Tricine PAGE experiments were measured using a rectangular
0.10-cm path length quartz cuvette at room temperature (22 °C), at
a scan rate of 10 nm/min in 0.1 nm intervals with a response time
of 8 s. Each protein sample CD spectrum was corrected by baseline
subtraction from their appropriate detergent or solvent solution and
converted to mean residue ellipticity (MRE) θM by the equation:
θM=Mθ/10 lcn; where θM is MRE in 103 degrees cm2 dmol−1, M is
the molecular weight of SugE (12568.7 g/mol), θ is the measured
ellipticity in millidegrees, l is the path length of the cuvette in cm
(0.1 cm), c is the protein concentration in g/L, and n is the number
of amino acid residues in the protein (105). The far-UV region CD
spectrum of each sample was measured in triplicate and averaged to
reduce noise caused by light scattering. Far-UV CD spectra of SDS
or DDM solubilized SugE protein with and without added QCC
ligands (at QCC:protein molar ratios of 20 and 200) were collected intriplicate and averaged to reduce noise caused by detergent induced
light scattering. SMR samples containing 200 QCC:protein resulted
in high amounts scattering below the 200 nm region and required
smoothing for spectral deconvolution. SugE protein resuspended in
8 M urea or in 10 M urea/175 mM SDS could not be collected at
wavelengths below 210 nm due to high amounts of light scattering.
Hence, secondary structure estimations could not be performed for
urea denatured samples by deconvolution methods.
Secondary structure content estimation of SugE proteins were
made by deconvolution of far-UV CD spectrum using Dichroweb
software available online [30,31]. Secondary structure estimates
were obtained after far-UV CD spectra were analyzed using SELCON,
CONTINLL, and CDSSTR algorithms. Values from CONTINLL and
CDSSTR are listed in Table 1. Secondary structure estimates with
normalized root mean square deviation (NRMSD)≥0.20 were not
used in this study.
Near-UV region (250–350 nm) CD spectra of 8 M urea, 10 M urea
and 175 mM SDS, 35 mM SDS, and 3.9 mM DDM solubilized SugE
proteins were acquired on the same JASCO J-810 spectropolarimeter
used for purged with N2 gas at 60–70 L/min. All near-UV CD spectra
were collected in a circular 1 cm pathlength cell, at room temperature
(22–25 °C), at a scan rate of 10 nm/min in 0.1 nm intervals with a
response time of 8 s. Each near-UV CD protein sample was baseline
subtracted from its appropriate solution and converted to molar
ellipticity (ME) according to the equation [θ]=Mθ/10 lc, where θ is
ME in degrees cm2 dmol−1, M is the molecular weight of SugE, θ is
the measured ellipticity in millidegrees, l is the pathlength of the
cuvette (1 cm), and c is concentration of SugE in g/L. All samples were
measured 3–6 times and averaged to reduce noise caused by light
scattering. Urea denatured SugE samples had signiﬁcant amounts of
scatter below 270 nm and are not shown.
2.6. Intrinsic ﬂuorescence of SugE protein
Fluorescence spectroscopy of detergent (SDS or DDM) and solvent
(8 M urea or 10 M urea/5% SDS) solubilized SugE protein in the
presence and absence of QCC was performed using a Fluorolog–Tau-3
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in either a 3 mm or 10 mm pathlength quartz cuvette at excitation
(Ex) wavelengths of 280 nm or 295 nm. The emission (Em) spectrum
was measured from 290 to 400 nm (Ex 280 nm) or 310 to 400 nm (Ex
295) using double monochrometers for both Ex and Em to reduce
scattering artefacts. Both Ex and Em for all samples were collected
using a 1 nm to 2 nm slit width and all spectra were the average of
6 scans. Fluorescence spectroscopy of SDS, DDM, 10 M urea–175 mM
SDS and 8 M urea solubilized SMR proteins were performed a
minimum of triplicate for each QCC tested.
Detergent solubilized SugE protein preparations used for SDS-
Tricine PAGE experiments were diluted to 1.1 μM SugE protein and all
ﬂuorescence spectra were collected in a 10 mm pathlength quartz
cuvette. QCC, CTP and CET were added to SDS and DDM solubilized
SugE protein samples at molar ratios of QCC:protein ranging from
0.001–1000. Final QCC concentrations used for Trp quenching
ﬂuorescence experiments ranged from 0.01 μM to 5000 μM for each
compound.
To address whether the Cl− or Br− counter ion of each QCC+ had
any quenching affects on Trp quenching within the detergent
solubilized SugE protein samples, the experiments described earlier
were repeated using the same molar concentrations of NaCl and KBr
salts in lieu of QCC+. Fluorescent spectra collected from SugE protein
samples showed no alteration in Trp Em intensity or in its Trpmaxima
from samples lacking ligand during these experiments (data not
shown). The ﬂuorescent intensity maximum of Tyr occurs at 300–
305 nm and the Tyr contribution within the overall ﬂuorescent
spectrum was only observed as a deﬁned shoulder in experiments
involving amino acidmodel compounds at or above 4W:5Y ratios only
(data not shown).
2.7. Tyrosine exposure (Yexp) of SugE protein by second derivative UV
(SDUV) analysis
Tyrosine exposure (Yexp) was determined using second-order
derivative UV absorption (SDUV) analysis according to the method
described by Ragone et al.[32]. Brieﬂy, this method provides an
estimation of total Tyr residues within a protein that are exposed
to hydrophilic environments through the second-order derivative
conversion of its UV absorption spectrum. Tyr and Trp residues in a
protein both absorb wavelengths from 280 to 285 nm, while a second
peak is derived solely from Trp absorbance occurs from 291 to
297 nm. The absorbance maximum of Tyr is variable depending on
the polarity of its surrounding environment. Increasing the hydro-
philicity of the surrounding environment of Tyr will result in spectral
red-shifts to the 283 nm wavelength region due to alterations in
the
1
La state across the Tyr phenol ring. UV absorption of the Trp
indole ring (
1
Lb and
1
La components) is indiscernible by UV Abs since
both
1
La→
1
Lb transitions are nearly equivalent and makes any spec-
tral shifts in wavelength insensitive to polarity in the 290 nm region
[32]. Therefore, red-shifted Tyr absorbance will decrease its signal
at 283 nm in a second-order UV spectrum relative to that of Trp at
291 nm (Supplementary Fig. 2). Hence, determining the ratio of
these wavelength distance troughs (r) reﬂects the hydrophilicity of
the Tyr environment within the protein; low r values indicate en-
hanced hydrophobicity to the surrounding Tyr environments within
the protein.
Yexp was calculated using the average of 4–6 UV absorption spectra
of each detergent (SDS or DDM) solubilized SugE protein sample in the
presence or absence of either QCC used for CD analysis. UV absorption
spectra of model amino acid compounds, N-acetyl-tryptophan amide
(NAWA), N-acetyl-tyrosine amide (NAYA), N-acetyl-tryptophan ethyl
ester (NAWE), and N-acetyl tyrosine ethyl ester (NAYE) were
measured for use as SugE Yexp controls. Mixtures of each model Trp
and Tyr compound set (NAWA:NAYA and NAWE:NAYE) were
prepared at the same molar ratios present within SugE (4W:2Y)protein in the solvents 8 M urea, H2O, and ethylene glycol (EG). Model
compound mixtures in the polar solvents, 8 M urea and H2O, serve as
complete Tyr exposure controls, whereas EG mimics the hydrophobic
interior of a protein [33]. All UV absorbance spectra were measured in
quadruplet for each sample in a 1 cm quartz cuvette, at 0.2 nm
wavelength intervals, from 250 nm to 320 nm using an Ocean Optics
UV–visible (Vis)-Spectrophotometer.
Each second-order derivative UV spectrum was calculated from
the average UV absorbance spectrum for given sample at 0.5 nm
wavelength intervals from 250 to 320 nm using a moving window of
3.5–5.5 nm. SDUV spectra was used to determine r, the ratio of short
Tyr (283 nm) to long Trp (291 nm) wavelength trough depths. For a
given detergent, the SugE Yexp was calculated using the equation
Yexp=(rn−ra)/(ru−ra). In this equation, rn is the r value determined
for SMR protein in a particular detergent (SDS or DDM), ra is r value of
4W:2Y mixtures of NAWA:NAYA or NAWE:NAYE in EG, and ru is r
value of 4W:2Y in 8 M urea. Typically, ru values are calculated using
completely denatured protein samples, however, complete denatur-
ation of SugE protein was not possible due to the extreme
hydrophobicity of the protein. As a result, model compound mixtures
were used for ru values in all Yexp calculations for this study.
3. Results
3.1. SugE protein resuspension in SDS orDDMpromotes distinctmultimeric
states of the protein
Previous ligand binding and site-directed mutagenesis studies of
unmodiﬁed SugE protein (lacking any additional tags or amino acid
sequence changes) were performed using protein puriﬁed via an
organic extraction method [11,12]. This method was selected for our
analysis to allow direct comparison to previous SugE studies. We
acknowledge that this method of SMR puriﬁcation, like any other
membrane extraction puriﬁcation which relies on detergents or
ruptured membranes, may result in protein folding artefacts.
However, previous analysis of organically extracted SMR protein,
EmrE, has revealed that this resilient membrane protein can still
maintain high levels of α-helix in a variety of solvents, detergents and
phospholipids [34] and demonstrates ethidium transport activity
when reconstituted into artiﬁcial lipid systems [28]. SugE puriﬁed in a
similarmanner to EmrE [28,34] can be reconstituted into lipid vesicles
and demonstrate transport [12]. Additionally the ligand binding has
been evaluated both in detergent and vesicles by ITC showing SugE
dissociation constants (KD in μM ) for methyl viologen to be 24.9, 54.0,
and 5.3, in lipopsomes, DDM, and SDS respectively [11]. Since SugE
protein can bind QCC in SDS, it provides a tool to evaluate any
multimeric forms of this protein using SDS-PAGE as a ‘native’
technique for this integral membrane protein. This demonstrates
that the puriﬁcation method does not interfere with the proteins
ability to adopt a conformation and structure for ligand binding and
active transport in the detergents studied.
SDS-Tricine PAGE analysis was performed using SugE protein
resuspended in two detergents, SDS and DDM. Both SDS and DDM
were used in previous biochemical and biophysical experiments of
SMR proteins, including EmrE (as reviewed by [3]). DDM is commonly
used for EmrE protein biochemical and biophysical studies and this
detergent is considered to promote a native-like conformation of
EmrE [35]. SDS is also included in these studies as an alternative
membrane mimetic system since previous experiments of SDS
solubilized EmrE proteins demonstrated that the detergent promotes
secondary and tertiary structures within the protein [36]. Blue-native
and native PAGE techniques were attempted for this study, but failed
to reliably resolve SMR complexes likely due to the variation in bound
detergent and QCC, as well as poor dye binding by the highly
hydrophobic SMR proteins that prohibited band resolution during
electrophoresis. Hence, SugE protein resuspended in either SDS or
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weight of the protein, assess its purity, and determine its oligomer-
ization. In Fig. 1, SDS-Tricine PAGE separation of either SDS or DDM
solubilized SugE protein indicates that the majority of the protein
resides as a monomer that corresponds to ~10–11 kDa protein band
within the gel. Comparison of SDS or DDM solubilized SugE protein at
identical concentrations (5 or 21 μM SugE) after SDS-Tricine PAGE
separation revealed that only the SDS-SugE preparations produced an
additional protein band from the monomer corresponding to 21 kDa
within the gel. Quantiﬁcation of all SDS-SugE protein band intensities
by TCE gel staining demonstrated that this 21 kDa dimer band was
20–35% of the total separated SugE protein in the gel lane at or above
31 μM protein concentration (Supplemental Fig. 3) but was signiﬁ-
cantly reduced to 7–15% total SugE protein at 21 μM protein (Fig. 1).
The dimer band observed in SDS-SugE preparations only visualized in
DDM-SugE samples with SDS-Tricine PAGE analysis at concentrations
of ≥31 μM protein (Supplementary Fig. 3). However, even at higher
SugE protein concentrations in DDM, quantiﬁcation of individual SugE
protein band intensities from these gels was much lower (DDM-SugE
dimer bands were less than 10% of the total protein band intensity in
the gel lane) than SDS induced SugE dimers. Hence, SDS-Tricine PAGE
analysis of SDS or DDM solubilized SugE proteins reveals that only SDS
detergent was capable of promoting and or stabilizing a multimeric
dimer form of SugE.26.6
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Fig. 1. SDS-Tricine PAGE of SDS and DDM solubilized SugE protein multimerization in
the presence of CTP and CET. SugE proteins were separated by SDS-Tricine PAGE (12%)
and visualized by UV absorbance after trichloroethanol (TCE) staining. Panel A shows a
TCE stained SDS-Tricine PAGE gel of 35 mM SDS solubilized SugE protein (15 μg
protein/ lane) with increasing QCC:SugE molar ratio (μM). Labelled arrows to the right-
hand side of each gel arrows correspond to predicted protein multimers based on the
estimated molecular weight (MW) in kiloDaltons (kDa) in the ﬁrst lane; monomer (M)
and dimer (D). Panel B shows TCE stained SDS-Tricine PAGE of 3.9 mMDDM solubilized
SugE protein (15 μg protein/lane) in the presence of increasing QCC according to the
molar ratio of QCC:SugE.To determine if QCC has any inﬂuence on the separation or
multimerization of SugE protein in either SDS or DDM, CET or CTP
ligands were individually incubated with detergent solubilized SugE
samples at increasing concentrations and examined by SDS-Tricine
PAGE. A previous study, examining the mulimerization of the related
SMR protein EmrE in SDS by SDS-Tricine PAGE analysis revealed that
EmrE multimers were enhanced in presence of increasing QCC
tetraphenyl phosphonium [36]. To determine if a similar inﬂuence is
observed for SDS-SugE protein, QCC to SugEmolar ratios ranging from
5 to 500 were prepared and analyzed SDS-Tricine PAGE and shown in
Fig. 1. In Fig. 1, Both SDS- and DDM-SugE preparations incubated with
CET or CTP ligand at all molar ratios tested did not demonstrate any
increase in protein band intensity of dimer that exceeded the
calculated error from repeated experiments. Furthermore, QCC
incubationwith SDS or DDM solubilized SugE protein did not promote
additional proteins bands from those lacking ligand (Fig. 1A and B).
However, the addition of CET above 250 QCC:1 SugE molar ratios to
DDM-SugE preparations resulted in a slight migration shift of the
monomeric band from 10 kDa to 12–14 kDa within SDS-Tricine PAGE
gels (Fig. 1B). A similar shift of the monomeric SugE protein band in
DDM preparations was also observed by PAGE analysis after CTP
addition to QCC:SugE samples at molar ratios above 250. The slight
shift in SugE monomer migration at high QCC:protein ratios (≥250)
are likely due to a conformational change within the protein induced
by either QCC that caused a decrease in the electrophoretic mobility of
SugE. An alternative explanation for the slight shift of the detergent
solubilized SugE monomer protein band after PAGE may be caused by
interactions between cationic ligands which are present at high
concentrations with anionic SDS present in the gel itself. This effect
between either CTP or CET with SDS results in a white precipitate at
detergent:QCC molar ratio of ≥7. However, electrophoresis of bovine
serum albumin (BSA) protein resuspended in either SDS or DDM
failed to demonstrate a protein band shift (at 66 kDa) when incubated
with either ligand at identical QCC:proteinmolar ratios by SDS-Tricine
PAGE (data not shown). Therefore, both CTP and CET ligandsmay alter
the conformation of the detergent solubilized SugE proteins but not its
multimeric states.3.2. The α-helix content of SugE remains high in SDS or DDM and is not
diminished by ligands
Determination of the overall α-helix content in SugE protein
resuspended in SDS or DDM was accomplished using far-UV region
(250–190 nm) CD spectropolarimetry. Far-UV CD spectroscopy of SDS
and DDM solubilized SugE was performed to determine the extent of
α-helix content within SugE protein preparations examined in this
study. Fig. 2 shows far-UV CD spectra collected for either SDS or DDM
solubilized SugE protein. Resuspension of SugE protein into SDS or
DDM detergents resulted in spectra with dual minima at 208 and
222 nm that are characteristic for proteins with high overall α-helix
content (Fig. 2). Deconvolution of far-UV spectra collected for SDS or
DDM SugE protein preparations using Dicroweb software revealed
that both detergents promoted almost identical amounts of estimated
total α-helix content (Table 1). Depending on the deconvolution
analysis program used, total α-helix content estimates ranged from
85 to 87% (CDSSTR) between SugE solubilized in SDS and DDM
respectively or no difference at 99% (CONTINLL) (Table 1). Paired
Student's t-test calculations of SDS- and DDM-SugE CD spectra
demonstrated that both were signiﬁcantly similar (P valuesN0.1).
Attempts to completely denature SugE the addition of 10 M urea with
175 mM SDS directly to extracted protein or into existing 35 mM SDS-
SugE preparations, resulted in a increase of MRE from−22 to−18 at
222 nm (Supplementary Fig. 4). A similar result was also observed in a
recent in vitro EmrE protein unfolding study, where EmrE solubilized
under identical denaturing conditions increased mean residue
2238 D.C. Bay, R.J. Turner / Biochimica et Biophysica Acta 1808 (2011) 2233–2244ellipticity at 222 nm in comparison to DDM-EmrE far-UV CD spectra
[35].
Fig. 2 shows highly similar far-UV region CD spectra that did not
demonstrate any changes in minima or increases in MRE collected for
SDS or DDM-SugE preparations incubated with either QCC ligand at
molar ratio of 20 and 200 (Table 1). CD spectrum deconvolution using
the program CDSSTR estimated that only slight α-helix content losses
(3-6%) occurred within the protein in the presence of ligand, even at
the highest molar ratio of QCC:protein tested (200) for either ligand
(Table 1). Estimated losses in α-helix content were also extremely
low (1–2%) for far-UV CD spectra deconvoluted by CONTINL. Based on
calculated NRMSD values derived from both analyses, it would appear
that the α-helix estimations provided by CDSSTR may be more
reliable for SugE secondary structure determination.
3.3. Tertiary structure arrangements of aromatic residues in SugE in the
presence of CTP and CET differ at high QCC concentration
The overall secondary structure of SugE protein in SDS or DDM is
similar and high in overall α-helix content. To conﬁrm if the tertiary
structure arrangements within SugE in SDS or DDM are similar near-
UV region (250–400 nm) CD spectropolarimetry was performed to
examine the environments of the aromatic residues within the
protein (Fig. 3). Each aromatic amino acid contributes signiﬁcant
ellipticity (either positive or negative depending on their environ-
ment within the protein) at particular wavelengths; signals from Phe
occur within 250–270 nm, signals from Tyr occur within 270–290 nm
and those from Trp occur within 280–300 nm regions in a near-UV CD
spectrum. Since SugE protein lacks Cys, the contribution from
disulﬁde bonds which give rise to broad weak signals throughout
the near-UV spectrum are not a factor and all signal is produced by190 200 210 220 230 240
Wavelength (nm)
190 200 210 220 230 240
Wavelength (nm)
-30
-20
-10
0
10
20
30
40
50
60
M
R
E 
θ 
(d
eg
re
es
 · 
cm
2 ·
 
dm
ol
-
1
re
sid
ue
-
1 x
 1
03
) 
-30
-20
-10
0
10
20
30
40
50
60
M
R
E 
θ 
(d
eg
re
es
 · 
cm
2 ·
 
dm
ol
-
1
re
sid
ue
-
1 x
 1
03
) 
A
C
Fig. 2. Far-UV region (190–245 nm) CD spectra of SDS or DDM solubilized SugE protein in t
identical concentrations of 5 μM protein for all far-UV CD spectra shown in the ﬁgure. A) Far
200 CTP:SugE (dotted line) are shown. B) Far-UV CD spectra of DDM-SugE protein at 0 CT
alteration of far-UV CD spectra measured for SDS-SugE protein at 0 CET:SugE (solid line), 2
spectra of 3.9 mM DDM-SugE are observed at 0 CET:SugE (solid line), 20 CET:SugE (dashedaromatic residues only (as reviewed by [37]). It is also expected that
SugE Trp absorptionwill predominate over all other aromatic residues
within the protein due to its 4 Trp to 2 Tyr stoichiometry and by
its ε value of 5600 cm−1 M−1 which is 4 times greater than Tyr ε
1450 cm−1 M−1. Measurement of the near-UV region by CD spectro-
polarimetry was used to determine the extent of tertiary structure
similarities of SugE aromatic residues (4 Trp, 2 Tyr, and 1 Phe) in both
detergents.
Near-UV CD spectra collected from SDS-SugE preparations dem-
onstrated differences in the conformational arrangement of SugE
Phe26 (located in loop 1) when compared to DDM-SugE prepara-
tion CD spectra at identical protein concentrations (31 μM SugE).
The molar ellipticity (ME) trough at 261–263 nm and maximum at
255 nm indicates that Phe26 of SDS-SugE is located in a ﬁxed and but
hydrophobic position within the ﬁrst loop of SugE (Figs. 3A and C).
The positive ME observed at 280 nm and a shoulder region spanning
from 281 to 305 nm in SDS-SugE near UV CD spectra indicate that it
is dominated by Trp that resides in hydrophobic environments. The
near-UV CD spectrum of DDM-SugE preparations also demonstrated
a broad single maximum at 283 nm with signiﬁcant positive ME
from 283 to 255 nm (Figs. 3B and D). Common positive MEmaxima at
280–283 nm observed in the near-UV CD spectra of both detergent
solubilized SugE preparations suggests that Trp and Tyr residues are
located within similar hydrophobic environments but differ in the
location of Phe26 within SugE protein in either detergent.
The addition of ligands to SDS- and DDM-solubilized SugE proteins
only altered the aromatic residue arrangements of DDM-SugE protein
by near-UV CD spectropolarimetry (Fig. 3). SDS-SugE protein at ratios
of 3 and 300 QCC:1 SugE did not signiﬁcantly alter the ME maxima or
minimum of the near-UV CD spectrum from SDS-SugE protein only
(Fig. 3A and C). Increasing CTP addition to DDM-SugE preparations190 200 210 220 230 240
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he presence of QCC. SugE proteins were resuspended in 35 mM SDS or 3.9 mM DDM at
-UV CD spectra of SDS-SugE at 0 CTP:1 SugE (solid line), 20 CTP:SugE (dashed line) and
P:SugE (solid line), 20 CTP:SugE (dashed line) and 200 CTP:SugE (dotted line). C) No
0 CET:SugE (dashed line), and 200 CET:SugE (dotted line). D) No changes in far-UV CD
line), and 200 CET:SugE (dotted line).
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Fig. 3. Near-UV region (250–400 nm) CD spectra of SDS and DDM solubilized SugE in the presence of QCC. Near-UV CD spectra were measured from protein samples with identical
concentrations of SugE (31 μM protein) in either 35 mM SDS (A and C) or 3.9 mM DDM (B and D). In both panels the near UV CD spectra of detergent solubilized SugE protein is
shown at QCC:SugE molar ratios of 0 (solid black line), 3 (solid dark grey line) and 30 (light grey line). Panels A and B show near-UV CD spectra of CTP:SugE protein addition and
panels B and D show near-UV CD spectra of CET:SugE protein addition.
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(3 CTP:1 SugE) and at 285 nm (30 CTP:1 SugE) indicating that Trp
residues are facing more hydrophilic environments (Fig. 3B). CET
addition to DDM-SugE protein resulted in near-UV CD spectra that
also demonstrated a gradual loss of positive ellipticity with increasing
ligand but resulted in two maxima at 254 nm and 280–285 nm
separated by a minimum trough at 264–266 nm (Fig. 3D). Unlike CTP,
CET addition to DDM-SugE appears to alter Phe26 exposure towards a
similar environment observed in the SDS-SugE conformation. How-
ever, the position of Phe26 within the ﬁrst loop becomes less ﬁxed
as CTP or CET concentration increases as shown by the gradual loss
of ellipticity at 3 and 30 QCC:SugE in Fig. 3. This indicates that aro-
matic residue environments, particularly Phe26, in DDM-SugE protein
respond differently to each ligand, unlike aromatic residues of SugE
protein within SDS.3.4. SugE Trp residues are located in hydrophobic environments in DDM
and quenched differently by CET and CTP
Differences in Trp and Tyr contributions were not easily discern-
able by near-UV CD spectropolarimetry alone. To speciﬁcally identify
Trp contributions from the overall conformational arrangement of
SugE protein in SDS and DDM, the intrinsic ﬂuorescence of SugE in
either detergent was measured at excitation (Ex) wavelengths of
280 nm and 295 nm. SugE protein has a total of 4 Trp residues
predicted within TM1 (W3 andW16), TM2 (W48) and TM3 (W62) in
the protein, but only W62 is conserved within EmrE at the same
position (W63 and TM3 strand). The ﬂuorescence emission of SugE
protein after Ex 295 nm provides information regarding Trp hydro-
phobicity or hydrophilicity only within its surrounding environment.
Excitation at 280 nm is useful for examining the surrounding envi-
ronments of both Tyr and Trp. At Ex 280 nm, Trp ﬂuorescence emis-
sion predominates within the spectrum from 325 to 350 nm, while
Tyr ﬂuorescence may occur as a spectrum shoulder from 295 to
310 nm if they are present in high amounts within the protein.As observed in Fig. 4, intrinsic ﬂuorescence spectra of SugE protein
collected after Ex at 280 or 295 nm resulted in a single Trpwavelength
maximum (λmax) in SDS at 343–345 nm and at 330–332 nm in DDM.
Hence, the intrinsic ﬂuorescence of SugE protein at either excitation
wavelength in this study can only provide information for Trp
residues only. Complete ﬂuorescence resonance energy transfer
(FRET) from Tyr to Trp in both SDS and DDM environments was
also observed in previous ﬂuorescence experiments of EmrE protein
[34,38]. Comparison of Trp ﬂuorescence of SugE at identical protein
concentrations (1.1 μM) in SDS or DDM demonstrated that DDM
increased overall Trp exposure to hydrophobic environments than
SDS (Fig. 4). Although the λmax of SugE proteins resuspended in SDS or
DDM distinctly differ by their hydrophobic exposure, both detergents
promoted similar maximum ﬂuorescent intensity values at either
excitation (Ex 295 nm or Ex 280 nm) wavelength (Fig. 4).
The addition of QCC to SugE protein resulted in ﬂuorescent
quenching proﬁles that were dependent on the solubilizing detergent
and the ligand added as summarized in Fig. 5 (Supplementary
Figs. 5 and 6 show complete ﬂuorescence emission spectra). Fig. 5A
demonstrated that the addition of either CTP or CET to SDS-SugE
protein did not signiﬁcantly quench Trp ﬂuorescence intensity maxi-
ma (Intmax) until 100 QCC:1 SugE ratios were exceeded. However,
SDS-SugE quenching by CTP or CET was less than 20% of its total
ﬂuorescence intensity and demonstrated relatively little change in
Trp λmax indicating that increasing amounts of CTP or CET did not alter
Trp exposure from samples lacking QCC (Fig. 5B). One explanation
for the lack of quenching observed for SDS-SugE Trp residues is that
Trp arrangements within TM domains of the protein are already
exposed to hydrophilic environments and were not detectable by the
addition of either QCC. This may also explain why KD values could not
be determined from previous isothermal titration calorimetry (ITC)
experiments of SDS-SugE protein [11].
Trp ﬂuorescence quenching of DDM-SugE protein by CTP and CET
resulted in two distinct quenching curves shown in Fig. 5. CTP ad-
dition to DDM-SugE protein showed a gradual loss of ﬂuorescent
intensity above 10 CTP:1 SugE ratios and resulted in a complete
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Fig. 4. The intrinsic ﬂuorescence of SDS and DDM solubilized SugE protein. Fluorescence
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Fig. 5. A summary of detergent solubilized SugE Trp ﬂuorescence intensity quenching
and Trp λmax shifting caused by CTP and CET. Panel A shows relatively little Ex 280 nm
Trp ﬂuorescence emission intensity maxima quenching of SDS solubilized 1.1 μM SugE
(white symbols) by CET (squares) or CTP (triangles) ligands. Panel A shows a signiﬁcant
Trp ﬂuorescence emission intensity maxima quenching of DDM solubilized 1.1 μMSugE
(grey ﬁlled symbols) by CTP (triangles) but not by CET (squares). Panel B shows that Ex
280 nm Trp ﬂuorescence λmax of SDS solubilized 1.1 μM SugE (white symbols) is
relatively constant in the presence of increasing CET (squares) and CTP (triangles).
Panel B also shows that the Ex 280 nm Trp ﬂuorescence λmax of DDM solubilized 1.1 μM
SugE (grey ﬁlled symbols) increases at different molar ratios of CTP:SugE (circles) and
CET:SugE (squares).
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In contrast, CET addition to DDM-SugE protein did not diminish
ﬂuorescent intensity maxima at any concentration tested (maximum
ratio of 5000 CET:SugE was performed). However, examination of Trp
λmax revealed that both ligands shifted the average Trp λmax from 330
to 339 nm at different ratios of QCC:SugE (Fig. 5B). The DDM-SugE Trp
exposure caused by increasing QCC addition did not reach λmax values
observed for SDS-SugE protein without or without ligand (Fig. 5B).
CTP addition to DDM-SugE shifted Trp λmax above 1 CTP:1 SugE ratios
while CET addition increased Trp λmax above a ratio of 100 CET:1 SugE.
Our results indicate that DDM-SugE Trp regions are more sensitive to
CTP quenching at lower concentrations than CET. Therefore, differ-
ences between R-group associations to the quaternary ammonium of
CTP (pyridine) and CET (methyl) play an important role in SugE Trp
quenching since both are identical in acyl chain length (C16) and QCC
counter ions Cl− (CTP) or Br− (CET) had no quenching effect when
added to DDM-SugE as salts.3.5. Tyrosine exposure of detergent solubilized SugE residues protein
increases in the presence of either QCC
Since the intrinsic ﬂuorescence of SDS or DDM solubilized SugE
protein provided information limited to Trp residues only, second-
order derivative UV absorbance SDUV) analysis was used to
determine if Tyr residue exposure is similar in SugE resuspended in
either detergent. The technique described by Ragone et al. 1984 [32]
permits the estimation of Tyr (Yexp) residue hydrophilic exposure
within a protein. Yexp estimation is based upon calculated r values
obtained after second-order derivitization of UV absorbance spectra
collected for the protein and mixtures of aromatic amino acid com-
pounds in various environments (refer to the Materials and Methods
section for a detailed explanation).
To accurately determine SugE protein Yexp in either SDS or DDM,
the SDUV analysis of mixtures of Tyr and Trp amino acid derivatives at
identical molar ratios present within the SugE protein (4W:2Y) were
performed. Two sets of amino acid derivative compound mixtures, 4
NAWA:2 NAYA and 4 NAWE:2 NAYE, were prepared in a variety of
solvents to provide r value controls for Tyr exposure to hydrophobic
(ethylene glycol) and hydrophilic (8 M urea and H2O) environments
(Table 2 and Supplementary Table 1). Two different amino acid
derivative sets were selected for this study to reﬂect differences in
Table 2
A summary of estimated SugE protein tyrosine residue exposure (Yexp) values in
various detergents/ solvents in the presence of QCC, CET and CTP. Yexp values were
calculated using spectral ratio ‘r’ values (Supplementary Tables 1 and 2) determined
from SDUV analysis of model amino acid compounds and SMR proteins.
SMR Detergent/solvent QCC:SMR Yexp
(4NAWA:2NAYA)
Yexp
(4NAWE:2NAYE)
SugE 8 M urea — 0.69 0.64
SugE 10 M urea,
175 mM SDS
— 0.25 0.36
SugE 35 mM SDS — 0.55 0.32
20 CET 0.84 0.97
200 CET 0.84 0.99
20 CTP 0.55 0.45
200 CTP 0.99 0.99
SugE 3.9 mM DDM — 0.33 0.18
20 CET 0.93 1.19
200 CET 0.87 0.83
2000 CET 1.09 1.05
20 CTP 0.69 0.65
200 CTP 0.41 0.82
2000 CTP 1.08 1.06
Yexp calculations used r values measured from mixtures of amino acid derivatives
NAWA:NAYA or NAWE:NAYE to reﬂect the molar ratio of W and Y residues present
within SugE (4W:2Y).
Abbreviations: NAWA, N-acetyl-tryptophan amide; NAYA, N-acetyl-tyrosine amide;
NAWE, N-acetyl-tryptophan ethyl ester; NAYE, N-acetyl-tyrosine ethyl ester.
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aremore hydrophilic than NAWE:NAYE. The spectral ratio exposure ‘r’
values calculated from SDUV spectra of 4W:2Y amino acid compound
mixtures were used as a scale for SugE Tyr residue hydrophilicity;
hydrophobic (EG) r values of 4W:2Y mixtures ranged from 0.45 to
0.70 up to hydrophilic (H2O) r values of 1.10–1.40 for 4W:2Ymixtures
(Supplementary Table 1). The values were used for SugE protein Yexp
calculations shown in Table 2.
Before SugE Yexp could be determined, r values were calculated
from SDUV spectra of SugE proteins resuspended in SDS or DDM
and in highly denaturing solvents, in 8 M urea or in 10 M urea with
175 mM (5.0% w/v) SDS (Supplementary Table 2; Supplementary
Fig. 2). The denaturing solvent mixtures used for this experiment
were chosen according to the results reported by Miller et al. [35]
that showed only 10 M urea with 175 mM SDS was capable of, at
minimum, partially denaturing the SMR protein EmrE. Denaturation
of SMR proteins has proven to be difﬁcult due to the extreme
hydrophobicity of protein, which permits its puriﬁcation by organic
solvents like chloroform. The r value determined after SDUV analysis
of denatured SugE protein in 10 M urea, 175 mM SDSwasmuch lower
than expected with a value of 0.61 suggesting that the environment of
the denaturing urea-SDS mixture does not expose SugE Tyr residues
completely and may only be partially denaturing at most. The r values
of SugE protein resuspended in 8 M urea were slightly higher at 0.88
but did not reach the maximum exposure limits conferred by the
control mixtures of either amino acid compound sets indicating that
urea could not completely expose SugE Tyr residues. Based on these
ﬁndings, we modiﬁed the original Yexp equation by using the control
amino acid compound mixtures r values in lieu of denatured SugE.
The r values of hydrophobic SugE protein resuspended in SDS or
DDM by SDUV were similar and within the low range of the hydro-
philicity scale at 0.79 (SDS) and 0.65 (DDM) (Supplementary Table 2).
Calculation of SugE protein Yexp using all of the r values from SDUV
analyses indicated that SugE Tyr residue exposure is slightly higher
in SDS (0.55) than DDM (0.33) (Table 2). Therefore, Yexp estimations
of SugE protein resuspended in either SDS or DDM indicated that
either one of the two Tyr residues in the protein was exposed to a
hydrophilic environment or that both Tyr residues may be partially
exposed. Since one of the two Tyr residues is located within loop 1
(Tyr22) of the protein, it is possible that this residue would have most
hydrophilic exposure than Tyr59 within TM strand 3.The addition of QCC compounds to identical SugE protein con-
centrations in either SDS or DDM increased Yexp values. The QCC:SugE
molar ratio where each Yexp increase was observed for SugE in
SDS and DDM was much higher for DDM-SugE than in SDS (Table 2).
CTP addition to SDS-SugE only altered Yexp at CTP:SugE ratios≥200
indicating that high concentrations of CTP were necessary for com-
plete Tyr residue for exposure (Table 2). CET addition to SDS-SugE
at molar ratios of QCC:SugE of 20 or 200 resulted in high Yexp values
(0.84) and indicated that CET induced SugE Yexp at lower molar ratios
than CTP. Hence, the Yexp of SugE in SDS at molar ratios of CET:
SugE≥20 and CTP:SugE≥200 results in almost complete exposure
of both Tyr residues. Yexp values for DDM-SugE protein after CET
addition at molar ratios of 10–200 CET:1 SugE resulted in greater
exposure values ranging from 0.8 to 1.1 and indicated that CET results
in total exposure of DDM-SugE Tyr residues. CTP addition to DDM-
SugE protein only demonstrated a signiﬁcant increase in Yexp at the
highest ratios of≥200 CTP:SugE tested (Table 2). Therefore, maxi-
mumYexp of both Tyr residues of DDM-SugE protein occurs at ratios of
CTP:SugEN200 unlike ratios ofN20 CET:SugE.
4. Discussion
In this study, we examined the detergent solubilized conforma-
tions of SugE protein puriﬁed via an organic extraction method. It is
important to note that the potential inﬂuences on the folded state
of SugE and EmrE puriﬁed using a chloroform–methanol solvent
extraction procedure has been previously discussed by [28,34,39].
Brieﬂy, this method appears to completely solubilize SMR proteins
away from the lipid membrane resulting in a predominately
monomeric protein form that has almost no carryover of lipids. This
monomer form was found to be ligand binding competent upon
solubilization in a variety of membrane mimetic systems [11], unlike
monomer forms of the afﬁnity puriﬁed His-tagged EmrE protein that
are commonly used and extracted from the membrane by detergents
[40]. Thus it is possible that both puriﬁcation strategies lead to slightly
different states where further analysis is required to determine how
each may represent possible native states.
This study examined the conformations of SugE protein in SDS and
DDM by various spectroscopic and PAGE techniques. SDS-Tricine
PAGE analysis of SugE protein demonstrated that the protein
predominates as a monomer in both SDS and DDM detergents and
forms a less abundant dimer at higher protein concentrations in SDS.
Increasing the QCC:protein molar ratio did not alter the monomeric
or dimeric forms of SugE protein in SDS or DDM but did alter the
electrophoretic mobility of DDM-SugE monomers at high antiseptic:
protein ratios (Fig. 1). Examination of SugE protein secondary
structure in SDS and DDM by far-UV CD indicated that the protein is
predominately high in α-helix content and is not signiﬁcantly
diminished by QCC addition (Fig. 2 and Table 1). Since SugE protein
secondary structure content is unchanged in SDS or DDM at excessive
QCC concentrations, spectroscopic analysis of SugE aromatic amino
acid residues was used to identify if the tertiary structure of the
protein within each membrane mimetic was altered by QCC. Many
aromatic residues in SMR proteins are highly conserved and are
known to be vital for drug transport based on site-directed muta-
genesis experiments of EmrE residues F44, Y40, Y60 andW63 [38,41].
In SugE (4W, 2Y, and 1F) only two of these aromatic residues,
W62 and Y59, are conserved at similar positions according to EmrE
protein. The tertiary arrangement of SugE aromatic residues as deter-
mined by near-UV CD analysis indicate that Phe and Trp residues are
exposed to different environments in the protein when it is solu-
bilized in SDS as compared to DDM (Fig. 3). Further examination of
SugE protein using intrinsic ﬂuorescence and SDUV analysis, separat-
ed the contributions of Trp and Tyr within the protein. Intrinsic Trp
ﬂuorescence identiﬁed that Trp residues reside in largely hydrophobic
environments in both detergents but SDUV showed that either one
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located in hydrophilic environments (Fig. 4 and Table 2). Analysis of
DDM-SugE protein by intrinsic ﬂuorescence and SDUV indicate that
Trp and Tyr residues both adopt a far more hydrophobic environment
than SugE in SDS (Fig. 4 and Table 2). Intrinsic ﬂuorescence of Trp
residues of SugE protein in SDS or DDM demonstrated average λmax
values of 330 and 345 nm respectively, similar to EmrE protein
solubilized by the same detergents in a recent study [35] and begins
to suggest that SugE protein studied herein shows similar structural
features common to the entire SMR protein family.
A summary of all the differences in SugE aromatic amino acid
residue conformations induced by protein solubilization in either SDS
or DDM is provided on a TM diagram in Fig. 6. The environments
surrounding aromatic residues within SugE protein differ from each
other signiﬁcantly in SDS and DDM according to all three spectro-
scopic techniques. These approaches all demonstrated that the
addition of CET and CTP to SugE protein in SDS and DDM altered
the protein tertiary conformation depending on the ligand (Fig. 6). All
three spectrophotometric techniques, near-UV CD spectropolarime-
try, SDUV analysis, and intrinsic ﬂuorescence, used to probe the
tertiary arrangement and aromatic residue exposure of SDS-SugE
protein indicated nearly all aromatic residues are maintained in a
ﬁxed conformation that is facing a relatively hydrophilic environment
that is not signiﬁcantly altered until excessive amounts of antiseptic
are reached (N100 QCC:SugE). Increased aromatic residue exposure to
hydrophilic environments by SDS-SugE may also be inﬂuenced by the
anionic head groups of the SDS detergent. Unlike DDM a non-ionic
detergent, the net negative charge on the surface of SDS micelles may
limit or ﬁx SugE Trp exposure. SDS-SugE Trp may be locked into
positions within the protein that hinder its interaction with the
antiseptic at the same concentrations that would be bound by DDM-
SugE. The conformation of DDM-SugE protein by these same
techniques indicated that all aromatic residues are in an environmentFig. 6. A summary diagram of SugE aromatic amino acid residue positions in each TM strand
represented as grey cylinders, separated by loops and both N- and C-termini (curved grey lin
transmembrane strand to landmark the active site. Highly conserved aromatic residues show
residues are located in environments that are highly hydrophobic, whereas black highlight
SugE that resulted in enhanced hydrophilic exposure of Trp (W) or Tyr (Y) residues is shown
dashed circle around SugE Phe26 in the bottom right-hand corner of the panel indicates that
of DDM-SugE. Since SugE protein may adopt a dual-topology within the plasma membranethat is signiﬁcantly more hydrophobic than in SDS. Additionally,
DDM-SugE aromatic residues demonstrated conformational changes
within their environment that increased their hydrophilic exposure as
antiseptics increased. The molar ratio of QCC:SugE protein where
these changes occurred spanned a broad range of values (1–50) for all
aromatic residues examined. Trp quenching and Yexp both required
different molar ratios of CET or CTP to SugE in DDM before any
alteration was signiﬁcantly discernable (Fig. 5; Table 2). These
differences may be explained by the composition of the antiseptics
themselves. Both CET and CTP are identical in acyl chain length (C16)
but differ in charged group associations to the quaternary nitrogen
atom; CTP has an aromatic pyridine ring group in contrast to the
trimethyl group of CET. This would strongly suggest that the steric
hindrance of CET is far less than CTP and perturbs Trp and Tyr residues
of SugE in DDM micelles differently. Another possible explanation for
the observed differences in DDM-SugE interaction with CET and CTP
may be due to the three dimensional arrangement of the TM stands
in DDM. If SugE adopts a similar side-by-side or ‘ﬂat’ TM alignment
similar to the present interpretations of the structures of EmrE
(reviewed by [19]), it would require TM segment tilting within the
hydrophobic core of the micelle. TM segment tilting could expose the
binding site to the head group region and expose more amino acid
residues that assist in discriminating head group differences of CET
and CTP. A potential 3D structural change at high protein concentra-
tion should be observed when the monomer–dimer equilibrium is
displaced towards a dimeric form. Small angle neutron scattering
experiments of SDS-EmrE puriﬁed under similar conditions to SugE
herein, also support TM tiltingwithin themicelles based on TM best ﬁt
modelling and based on multimerization differences at high protein
concentrations [36].
Taken altogether, it is tempting to suggest that both SDS and DDM
may promote different conformational states of SugE protein that
would be required for ligand transport. High overall α-helix contentin SDS and DDM. Each of the four predicted α-helix transmembrane strands of SugE is
es). The highly conserved active site Glu13 residue of SugE protein is shown in the ﬁrst
n to be to crucial for transport function in EmrE protein are underlined. Grey aromatic
ed residues are exposed to hydrophilic environments. The molar ratio of CET or CTP to
below its respective detergent-SugE TM diagram in a table beside the black arrow. The
this residue adopts different conformations by CET or CTP based on near-UV CD analysis
, the orientation of N- and C-termini is not given within the membrane.
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arations of SugE that were not lost by QCC addition (Table 1; Fig. 2).
This indicates that the tertiary arrangements of the protein were the
major differences between SDS and DDM SugE protein preparations.
The aromatic residue arrangements within SDS-SugE may reﬂect a
transition state between the monomer to dimer that is unresponsive
to ligand binding. Evidence to support this notion can be observed by
the ﬁxed tertiary arrangements of Phe26 and Trp residues (near-UV
CD), the presence of both monomer and dimers (SDS-Tricine PAGE),
and general lack of Trp ﬂuorescence quenching by the addition
of either QCC. Considering the harshness of SDS, due its extreme
hydrophile-lipophile balance, SugE and likely other SMR proteins
as well as other highly hydrophobic peptides and proteins have a
highly resilient conformation. Earlier experiments with EmrE protein
puriﬁed under the same conditions support this observation since the
secondary structure of SDS-EmrE was also α-helix rich and bound
ligand with similar afﬁnity shown by SDS-SugE [37].
Based on the conditions of this study, the tertiary conformation
of DDM-SugE protein reﬂects a monomer form that is capable of
ligand interaction. The DDM-SugE monomer form interacts with
each type of QCC based on ﬂuorescence and SDUV analysis. This
conformation adopts slight variations in TM strands 1–3 aromatic
residue arrangements according to Trp ﬂuorescence quenching
experiments with each QCC and more hydrophilic Phe environ-
ments in loop 1 based on near-UV CD analysis. Previous work
examining SugE protein puriﬁed using similar puriﬁcation methods
demonstrated that SugE bound a variety of drugs at a 1:1 protein to
ligand ratio in DDM and small unilamellar vesicles using isother-
mal titration calorimetry (ITC) [11]. Unfortunately, these ITC
experiments could not determine the KD values of CTP binding to
SugE since CTP interacted strongly with the membrane mimetic
itself [11].
The ﬁndings of this study also support a lateral mechanism of QCC
delivery to SMR proteins. Many SMR transport mechanisms (as
reviewed by [3]) suggest that QCC interaction with the SMR protein
could occur laterally within the membrane bilayer or enter from the
aqueous phase. Nearly all QCC substrates of SMR proteins are highly
lipophilic but many do not demonstratemicelle forming abilities, such
as ethidium, methyl viologen or tetraphenyl phosphonium. How-
ever, all of the known QCC substrates of SugE are cationic detergent
antiseptics indicating that QCC interaction with this SugE would only
occur laterally within a membrane bilayer. CET has a critical micellar
concentration (CMC) of 3.88 mM, whereas CTP has a CMC of 1.24 mM
(at room temperature in water). Both QCC have demonstrated in vitro
partitioning ability into lipid bilayers as well as variety of ionic (SDS)
and non-ionic (DDM) detergents forming mixed micelles [42,43]. Our
studies involved high concentrations of anionic SDS (35 mM) and
non-ionic DDM (3.9 mM) for solubilization of SugE protein that are
well above their CMC to ensure that bothmembranemimetics (SDS or
DDM) dominated over the added QCC antiseptics. The partitioning
ability of both drugs tested herein may also explain why such high
amounts of QCC are required before tertiary alterations can be ob-
served. The partitioning and membrane disrupting properties of
these antiseptics also complicates an accurate Kd determination in
more biologically relevant phospholipid membrane systems in vitro.
These QCC will disrupt membranes and detergent micelles at the
concentrations used for these experiments, as demonstrated in a
recent thermodynamic study of QCC partitioning within various
membrane mimetics [44]. For this reason, small unilamellar vesicles
or phospholiposome reconstitution experiments are not informative
for this antiseptic-SugE interaction study and prohibited the use of
in vitro transport assays. Hence, this selective antiseptic transporter
protein can act as an invaluable system for future mechanistic studies
of SMR proteins since this method is not reliant on phospholipid
bilayer formation to study SugE conformation in the presence of
cationic detergent substrates.This study strongly suggests that SugE protein adopts tertiary and
quaternary structure conformations that are distinct in anionic and
non-ionic membrane mimetic environments. Despite these confor-
mational differences, the secondary structure of SugE is predomi-
nately α-helix rich and unperturbed by ligand addition. Although
monomer forms of SugE protein predominated using this puriﬁcation
method, solubilization in SDS and to a far less extent DDM both
induced dimer forms of the protein. Since the evidence supporting a
functional oligomer for EmrE is convincing (as reviewed by [19]), our
studies of the SugE monomer may not reﬂect a functional multimer,
but this work does indicate that a SugE monomer can interact with its
known ligands and supports earlier work in this regard [11]. In
conclusion, this study has revealed conformational changes that are
affected in DDM solubilized SugE protein conformation induced by
CET and CTP.
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